The increasing request for higher data speeds in the information and communication technology leads to continuously increasing performance of microprocessors. This has led to the introduction of optical data transmission as a replacement of electronic data transmission in most transmission applications longer than 10 meters. However, a need remains for optical data transmission for shorter distances inside the computer. This paper gives an overview of the Joint European project FIREFLY, in which new polymer based single mode waveguides are developed for integration with VCSELs, splitters and fibers that will be manufactured using multi-layer nanoimprint lithography (NIL). Innovative polymers, new applications of nano-technology, new methods for optical coupling between components, and the integration of all these new components are the technical ingredients of this ambitious project.
INTRODUCTION
In the information and communication industry the performance of microprocessors continues to increase. Consequently, the data flow to and from the processors has to increase accordingly. However, communication becomes a more and more dominant bottleneck for the overall system performance. This has led to the introduction of optical data transmission (e.g. glass fiber) for the replacement of electronic data transmission (e.g. copper wire) in most transmission applications longer than 10 meters. Optical interconnects, which can reach significantly higher bit rate-distance product density than electrical interconnects, have been replacing their electrical counterparts at ever shortening distances. Therefore, optical interconnects are getting closer to the processor package. It is expected that optical interconnects will be employed on the board-level and processor package level in the near future. Benefits of optical transmission are, amongst others, higher communication bandwidth density and a better power efficiency. With further development of the information society, there will be a need for even faster data transfer and correspondingly a higher state of integration of electrical and optical components, as is stated in the European Roadmap for Photonics (Mona) [1] . To enable such a tight integration between electrical logic and optical communication, new optical materials and structures are required that possess excellent characteristics and can be integrated in a cost effective way.
In October 2011 a new project, named FIREFLY, has started, in which new optical components will be developed, which will make it possible to transmit data in optical domain on the board, along with novel assembly strategies and technologies. The full name of the project is "Multilayer Photonic Circuits made by Nano-Imprinting of Waveguides and Photonic Crystals". The FIREFLY consortium consists of partners from the industry, IBM Research, TE Connectivity, VERTILAS and Momentive Performance Materials as well as research groups from TNO, imec, VTT, Tyndall and the Utrecht University. Materials, processing and device expertise of different partners is combined to develop the nano and micro components needed for the transportation of light using polymer waveguide-based optical interconnects. The electronics and photonics industry has been developing both inorganic and organic components with advanced properties and performance, for use in the new generation of devices. Integration of organic and inorganic materials into components will allow innovative combinations of useful organic and inorganic related characteristics. Especially the optical properties are significantly governed by the structure of the sub-wavelength building blocks. Currently, existing highly structured nanomaterials can only be manufactured on small scale (mm's) at high costs and their (electronic and optical) properties are significantly limited by the ways of processing.
The application area of these new components will be in the guiding and manipulation of light in optical information and communication devices and for the data transmission in and between computers to make more flexible, smaller optical components on a large scale and to reduce their production costs. The key building blocks for polymer based optical interconnects are:
• Low loss optical polymers • Nanostructured photonic crystals for the manipulation of light • Polymer waveguides • Integration with VCSELs and optical fibers
LOW-LOSS POLYMERS

Introduction
Polymer materials are generally recognized to exhibit various favorable properties for the use in optical waveguide technology. There is a great potential for the use of polymers in terms of optical properties, cost-effectiveness, and processing possibilities. Optical polymers are versatile materials that can be readily formed into planar single-mode and multimode waveguides by lithographic and imprinting methods [2] . There are numerous publications describing the different types of waveguide material systems, including acrylates, polyimides and cyclic olefins [3] . The organicinorganic hybrid Ormocer® is often used for polymer waveguides. However, the optical loss at telecommunication wavelengths (1330 and 1550 nm) is relatively high (resp. 0.2 and 0.5 dB/cm) [4] . An interesting polymer is Cytop, which has a loss of 0.04 dB/cm at 1550 nm [5] . However, waveguides are made using RIE and the polymer is poorly compatible with photo-patterning. In addition, silicone polymers like silsesquioxanes and siloxanes are increasingly interesting in waveguide applications. Polysiloxanes are very versatile with respect to the amount of different functionalities, which can be attached onto the polymer backbone. This leads to materials, which are durable, thermally stable, UV-and chemically resistant and which can be cured with a large number of different curing mechanisms. The most important ones used in industry are the thermal curing mechanisms. More recently developed cure mechanisms are initiated by UV-light. The UV-curing chemistry has the advantage that cure times are very short and that they are carried out at low temperatures. Project partner Momentive has many years of experience with the dedicated design of this type of materials.
Siloxanes
Recent advances in low-loss materials development have resulted in propagation losses of a number of polymers below or in the order of 0.1 dB/cm at the wavelength of 850 nm [6] . However, at the telecommunication wavelengths around 1300 and 1500 nm, the optical loss is significantly higher. Standard polydimethylsiloxane (PDMS) materials are transparent in a window from 300-1000 nm apart from some absorption peaks around 900 nm. Above a wavelength of 1000 nm there are several absorption bands related to C-H stretch of the methyl groups in PDMS. The telecommunication industry is especially interested in the wavelength between 1310 and 1550 nm. Conventional PDMS materials are not transparent in this near infra-red area. A technical approach to increase the transparency is to diminish the amount of C-H bonds belonging to methyl-groups [7] . This can be done by replacing the methyl-groups by phenylgroups, as described above, or by replacing the methyl-groups by perfluorinated groups [8] .
Project results
In siloxane polymers the most important source of absorption at 1550 nm is the SiCH 3 group. Although the amount of C-H groups in siloxane polymer is generally lower than carbon based polymers, the absorption in the 1550 nm area is higher since the silicon atom attached to the carbon group shifts an overtone absorption of the C-H bonds to the 1550 nm area. This means that substitution of the methyl groups by e.g. phenyl or fluorinated groups will reduce the absorption ( Figure  2 ). The introduction of deuterated groups generally leads to a lower optical loss. However, replacing CH 3 by CD 3 also shifts the absorption of the C-H / C-D bond from 900 to 1550 nm. Therefore, deuteration is not a suitable method for the improvement of transparency in the 1550 nm telecom window. 
POLYMER WAVEGUIDES FOR LIGHT GUIDING
Introduction
An essential part in optical data/ telecommunication is the transmission of optical signals. Today, fibers are the main transmission medium but with optical interconnects finding its way into computing system, more integrated solutions are required for intra-system interconnects. Waveguides offer important advantages for board-level optical interconnects such as integrated processing, simplified handling and assembly. Therefore optical waveguides are key components for short optical links. The waveguide in board-level interconnects has to exhibit many challenging properties. The interconnection length can be centimeters or even dozens of centimeters. Therefore, very low attenuation is a must, requiring both a low-loss optical material and very low surface roughness of the waveguide core in order to minimize scattering losses. This significantly differs from the typical centimeter-length scale of the integrated optics devices that are widely used in today's fibre-optic communications networks. During the last years, polymer waveguide technology was developed as a means to apply optical interconnects for board-level links. Waveguides are realized through integrated processing means and circumvent the handling with many individual fibers. In addition, the individual optical waveguide channels can be placed at a smaller pitch and the implementation of simple functions like optical splitters and crossings is straightforward. The polymer waveguide technology investigated so far is dedicated to multimode parallel optical interconnect technology operating at a wavelength of 850 nm. Arrays of VCSELs and detectors perform the conversion between optical and electrical signaling [9] [10].
Nano-imprint lithography
Nano-imprinting or nano-imprint lithography (NIL) is relatively new production process for nano and micron-sized features that has the potential for large scale manufacturing. The concept of this process is shown in figure 3 : a nanostructure is produced in a polymer film using a nano-imprint process. A mould having the required nanostructure is imprinted in a polymer matrix followed by a UV curing step. This nanostructure will be filled with the optical polymer composition having a high refractive index and a low optical loss to manufacture waveguides. This structuring process will be repeated several times to obtain the 3D multilayer structure. The main challenge in these multi-layer systems will be the alignment of the layers in the imprinting process, in order to develop the required precision. The properties of the resulting structures will only be reached by a combination of building block characteristics and symmetry and orientation of the 3D nano-structures. Figure 3 . The process for waveguide structures, in which the imprinted structures are filled with a high refractive index polymer.
Project results
The 
PHOTONIC CRYSTALS FOR LIGHT BENDING
Introduction
Photonic crystals are structures with a periodically varying refractive index, the spatial period being of the order of the wavelength of light. The photonic crystal is not only selective in its wavelength response but its properties are also sensitive to the spatial directions of the light, i.e. the lattice can be designed to direct light in a certain spatial direction, which becomes very important for the efficient out-coupling of the light. This property is most prominent in 3D photonic crystals. They may therefore play an important role in future communications technology, especially in on-chip and on-(circuit) board communications where their small sizes and specific properties will play a very important role. In FIREFLY, we will develop these photonic crystals to shape and steer the light from VCSELs.
The main challenge in this development will be the manufacturing of these highly structured materials on an industrial significant scale. Currently, several top-down lithographic methods exist for making these photonic crystal structures: 1) by selectively removing material from a solid slap of high refractive material (e-beam lithography). For example the etching of two-dimensional photonic band-gap structures consisting of silicon and its oxides and nitrides [11]; 2) by laser lithography of e.g. semiconducting materials [12] ; 3) by two photon mask or interference lithography in polymers [13] . All of these State-of-the-Art lithographic methods suffer from a slow production process, limited 3D structures, small dimensions of the final components (e.g. 100x100 µm) and are limited to only specific classes of materials, thus limiting the (optical) performance. Furthermore, they are limited to single component materials and are unable to manufacture the hierarchically structured nano-components. We have assessed an alternative approach in the development of 3D photonic crystals by combination of the top-down preparation of nanostructured templates using NIL with the bottom-up growth of colloidal crystals in or directed by these templates. This approach will yield nanoparticle based photonic crystals made from e.g. TiO 2 ZnO or ZnS nanoparticles (figure 5). 
Templated assembly of nanoparticles
Self-Assembly (SA) is an inherently cheap and powerful way to achieve 3D structures in these colloidal crystals. For a better control over the nanostructure of the component, the deposition of the particles should be better steered. An attractive steering mechanism for colloidal growth is the selective deposition of particles in/on an existing nanostructured surface. The combination of imprinted templates and the deposition of nanoparticles has only recently been started [14] . Most developments in this field are focused on the deposition of small particles (< 50 nm) in relatively large structures, such as trenches and holes (>5 µm) using convective and capillary assembly [15] . When photonic crystals are made from nanoparticles, the uniformity of the particles is very essential, because this size controls the lattice spacings and thus the short range order. The Utrecht University is growing silica and titania/silica core shell particles having particles sizes ranging from 500-1000 nm having a very high monodispersity (figure 6A). Figure 6 . A -Monodisperse silica nanoparticles (ca 500 nm) and B -convective and capillary deposition of the particles in the templated surface
Templates for the deposition of the nanoparticles have been made by the nanoimprint process in the polymers. The nanoparticles are placed in these template by a controlled convection/evaporation process (figure 6B) using an accurate xyz stage. Figure 7 shows some results of the deposition of 500 nm silica particles in pyramidal holes in an acrylate surface. In shallow holes only one particle is deposited ( figure 7A) . Only a few percent of the holes stays empty and in some holes two or more particles are present. It is important to notice that a limited amount of particles is left on the surface. This is important, since these particles may cause unwanted outcoupling of the light from the Photonic Crystal. In figure 5B deeper holes are filled with more layers of particles: one, two and three layers can be distinguished. When changing the shape of the pyramidal holes from square to rectangular, the stacking of the particles also changes ( figure  5C ). This indicated that the size and shape of the template surface, together with the size and solvent of the nanoparticles dispersion can be used for the creation of colloidal crystals. 
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-ú%-L._ Figure 7 . 500 nm silica particles in shallow (A), deep square (B) and deep rectangular (C) pyramidal holes.
INTEGRATION OF COMPONENTS
Introduction
An essential feature of the proposed optical components is the integration between the optical waveguide, the coupling structure, and the VCSEL into a functional Photonic Integrated Circuit. Different levels of integration were reported over the past few years. In a first approach, the optical waveguide layers are laminated in between multilayer circuit boards, and the components are mounted onto the board in a ball grid array (BGA) package. To prevent light diverging during the propagation between the VCSEL and the waveguide, several techniques were put forward to confine the light in the vertical direction. As an alternative to the laminated waveguide layer, they can be fabricated on an external substrate and then mounted on top of the circuit board substrate. The opto-electronics are mounted on top of the waveguide stack [16] , or mounted on the circuit board [17] A higher level of integration was achieved by mounting the VCSELs directly onto the optical waveguide layers, after which they are embedded into the circuit board by lamination of resin coated copper layers [18] . In another approach the VCSELs are thinned down chemically (with etch stop layer) to a final thickness of only 10 µm and mounted onto the waveguide foil [19] . Integration of VCSELs, 45˚ mirror coupling structures and polymer optical waveguides was recently reported by the partner IMEC [20] . VCSELs and photodiodes are thinned down to 20 µm and are embedded inside the cladding layer of the waveguides. They are optically coupled with the use of embedded micro-mirror plugs. The result is a thin foil of 150 µm thickness with integrated optical interconnects. An efficient low cost coupling is necessary to connect the waveguide structures to the world making it suitable for long distance communication. Current connectorisation methods focus on active alignment of individual packages. This is also the largest cost in the active component packaging as currently used. Reducing the cost and time of this assembly step results in an adoption for high volume products like computer peripherals, high speed video cables and rack to rack cabling.
Firefly approach
The final demonstrator in the Firefly project will be an optical interconnect in which VCSELs, polymer waveguides, including bends, and glass fibers are integrated in a single product. The VCSEL will be embedded in the silicon substrate, and electrically connected. Using the multilayer nanoimprinting process, the thin polymer layers for cladding and core will be deposited on the substrate, leaving the core waveguide embedded in the cladding polymer.
C Adhesion issues will be solved for the various layers using planarization layers and adhesion primers. The waveguide to fiber coupling will be approached using integrated U and/or V grooves, aligned with the waveguide. This puts high demand on the alignment and accuracy of the nanoimprint process. An example of the envisioned demonstrator is shown in figure 8 . Figure 8 . Demonstrator for the integration of the building blocks of the Firefly project
